The important role of polyploidy in plant evolution is widely recognized. However, many questions remain to be explored to address how polyploidy affects the phenotype of the plant. To shed light on the phenotypic and molecular impacts of allopolyploidy, we investigated the leaf development of a synthesized allotetraploid (Cucumis 3 hytivus), with an emphasis on chlorophyll development. Delayed leaf maturation was identified in C. 3 hytivus, based on delayed leaf expansion, initial chlorophyll deficiency in the leaves and disordered sink-source transition. Anatomical observations also revealed disturbed chloroplast development in C. 3hytivus. The determination of chlorophyll biosynthesis intermediates suggested that the chlorophyll biosynthesis pathway of C. 3 hytivus is blocked at the site at which uroporphyrinogen III is catalysed to coproporphyrinogen III. Three chlorophyll biosynthesis-related genes, HEMA1, HEME2 and POR, were significantly repressed in C. 3 hytivus. Sequence alignment showed both synonymous and non-synonymous substitutions in the HEMA1, HEME2 and POR genes of the parents. Cloning of the chlorophyll biosynthetic genes suggested the retention of homoeologs. In addition, a chimeric clone of the HEMA1 gene that consisted of homologous genes from the parents was identified in C. 3 hytivus. Overall, our results showed that allopolyploidization in Cucumis has resulted in disturbed chloroplast development and reduced chlorophyll biosynthesis caused by the repressed expression of duplicated homologous genes, which further led to delayed leaf maturation in the allotetraploid, C. 3 hytivus. The preferential retention/loss of certain types of genes and non-reciprocal homoeologous recombination were also supported in the present study, which provides new insights into the impact of allopolyploidy.
INTRODUCTION
Allopolyploidization is one of the most important evolutionary processes in higher plants (Comai, 2005; Rieseberg and Willis, 2007) . Allopolyploids can form through various processes, usually via interspecific hybridization and subsequent genome duplication. In addition, in light of the challenge of global diseases and climate change, 'base broadening' and the introgression of targeted genes through wide hybridization of domesticated crops and their wild relatives are more desirable than ever for breeders (Chen and Adelberg, 2000; Kumari et al., 2009) . In interspecific crosses, hybrids may show favoured growth vigour (heterosis); however, hybrids may also suffer from hybrid incompatibility, which inhibits allopolyploid speciation. Hybrid incompatibilities include severe growth abortion, hybrid necrosis and chlorosis, which have already been reported in hexaploid wheat (Nakano et al., 2015) .
Chlorosis is frequently encountered in plant interspecific crosses and is characterized by partial or complete loss of chlorophyll pigments in normal green tissues. Due to the significant role of chlorophyll in photosynthesis, many of the chlorophyll-deficient plants abort as they exhaust food reserves and cannot grow autotrophically. Some of these plants can survive but show slow growth and delayed maturity due to the reduction of photosynthesis. Some chlorophyll-deficient lines can reproduce eventually, overcoming zygotic barriers. The mechanisms that determine the successful establishment of hybrids are poorly understood.
Allopolyploids contain two or more subgenomes, and the expression of genes in an allopolyploid may not be equal to the sum of two parental homologues, which is also known as non-additive gene expression (Comai, 2005; Chen, 2007; Doyle et al., 2008; Buggs et al., 2014; Yoo et al., 2014) . The merger of two or more genomes in a common nucleus in allopolyploids may invoke some form of gene redundancy and attendant release from the functional constraint for one copy and/or divergence (Chen et al., 2007b; Innan and Kondrashov, 2010; Moghe and Shiu, 2014a ; Van de Peer et al., 2017) . Consequently, allopolyploidy can give rise to both advantageous and disadvantageous novel phenotypes. Processes such as leaf expansion are of great importance to plant performance because they enable potential light absorption, which powers photosynthesis and thus biomass production (Pantin et al., 2011) . Therefore, leaf expansion alterations have significant impacts on plant performance, thus influencing the speciation and evolution of allopolyploids. Genome-wide gene expression changes have been reported in many allopolyploids, and large-scale gene expression alterations were observed in comparison to the respective diploid parents. However, recently published results involving allopolyploids have been inconsistent with respect to homologous gene expression (Paterson et al., 2012; Kagale et al., 2014) , as experiments with wheat (Pumphrey et al., 2009) , Senecio allohexaploid (Hegarty et al., 2006) , cotton (Chaudhary et al., 2009) and Arabidopsis allotetraploids (Wang et al., 2006) showed that 5-70% of genes were differentially expressed.
Synthetic polyploids are useful subjects for studying the immediate consequences of polyploidy, as they may mimic natural systems and thereby provide key insight into the process of polyploidization (Albertin et al., 2006; Chen et al., 2007a; Zhuang et al., 2009) . With a clear relationship with the parental lines, Cucumis 9 hytivus J.F. Chen & J.H. Kirkbr. (2n = 38 , hereafter C. 9 hytivus), which is a synthesized allotetraploid in Cucumis, is an ideal model system for studying allopolyploidization (Chen and Kirkbride, 2000) . Cucumis 9 hytivus was obtained through chromosome duplication via somaclonal variation of an interspecific hybrid (Chen et al., 1998) , which was generated by crossing the cultivated cucumber Cucumis sativus L. 'BejingJietou' (father, 2n = 14, 'BeijingJietou' hereafter) with its wild relative species Cucumis hystrix Chakr. (mother, 2n = 24, hereafter C. hystrix; Chen et al., 1997) . Previous studies reported phenotypic differences (e.g. flowering time and fruit shape) between C. 9 hytivus and its diploid parents (Chen et al., 2002) , as well as extensive genomic and epigenetic changes in C. 9 hytivus (Chen et al., 2007a; Chen and Chen, 2008) . In particular, C. 9 hytivus exhibits pale young leaves, indicating chlorophyll deficiency, which is in contrast with the previously documented nucleotypic effects of allopolyploidy, resulting in an increased chloroplast number and chlorophyll content (Warner and Edwards, 1993; Ni et al., 2009) .
Chlorophylls are essential molecules for photosynthesis in plants (Tanaka and Tanaka, 2006) . The biosynthesis of chlorophyll is embedded into a pathway network (Figure 1 ; Beale, 2005) , and all the enzymes in the pathway are nuclear-encoded and have been well reviewed (Tripathy and Pattanayak, 2012) . Some of the synthetic sites are often targets of endogenous and exogenous factors (Eckhardt et al., 2004) . The reduction of glutamyl-tRNA to glutamate 1-semialdehyde (step 1 in Figure 1 ), which is catalysed by glutamyl-tRNA reductase (GluTR), encoded by the HEMA nuclear genes, is the first step in chlorophyll synthesis (McCormac et al., 2001) . Two HEMA cDNA clones have been identified in cucumber (Tanaka et al., 1996) . HEMA1 and HEMA2 are known to be expressed in response to a demand for chlorophyll and porphyrins (e.g. heme), respectively (Tanaka et al., 1996) . Later, the first cyclic porphyrin in the pathway, uroporphyrinogen III (Urogen III), is decarboxylated by uroporphyrinogen III decarbolylase (UROD) at the acetate side-chain of each pyrrole ring to form coproporphyrinogen III (Coprogen III; step 6 in Figure 1 ). Two HEME genes, HEME1 and HEME2, have been annotated as encoding UROD in cucumber (Huang et al., 2009) . Protochlorophyllide (Pchlide) is photoreduced to chlorophyllide (Chlide) (step 13 in Figure 1 ), catalysed by protochlorophyllide reductase (NADPH: protochlorophyllide oxidoreductase, POR, EC 1.3.1.33). Three structurally related Arabidopsis genes, named PORA, PORB and PORC, encode POR in the genome. Unlike many other species, only a single POR gene has been identified in cucumber . For a description of the other steps in the chlorophyll biosynthesis pathway, please refer to Beale (2005) and Tripathy and Pattanayak (2012) .
Here, an allotetraploid in Cucumis with delayed leaf maturation is reported. Analyses were performed, focusing on chlorophyll biosynthesis in C. 9 hytivus and its diploid parents, C. hystrix and 'BeijingJietou'. The objectives of this study were to investigate how allopolyploidization affects leaf development, including chlorophyll accumulation, and how this process is affected by gene expression. We compared the chlorophyll biosynthesis of allotetraploid C. 9
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Genes down-regulated in C. ×hyƟvus hytivus and its diploid parents to determine why they exhibit different leaf colouration by examining the sequences and expression levels of related genes. We identified distinct leaf maturation and chloroplast development and differentially expressed key chlorophyll biosynthesis genes between C. 9 hytivus and its diploid parents, and considered the effects on long-term evolution.
RESULTS

Leaf expansion
According to the leaf area development of the first six leaves, delayed leaf expansion was observed in C. 9 hytivus. In the first three leaves, C. hystrix and 'BeijingJietou' reached 10%, 28%, 56% and 6%, 22%, 45% of the fully expanded leaf area, respectively, whereas C. 9 hytivus reached 4%, 14% and 30% (Figure 2 ). From the fourth leaf, these species showed no significant differences in leaf expansion.
Gas exchange
Under constant moderate light (PPFD = 300 lmol m À2 sec
À1
), P n increased with leaf position in all three species, but the parents reached a saturated state of P n (>90% of maximum P n ) at leaf position three, whereas C. 9 hytivus reached a saturated state at position five (Figure 2) . At leaf three, the P n of C. 9 hytivus was 78% of maximum P n , which was significantly lower than the values observed for C. hystrix and 'BeijingJietou'.
Chlorophyll content
The leaves of three species exhibited different pigmentation during leaf development (Figure 2 ). Data from chlorophyll a (Chl a ) and chlorophyll b (Chl b ) were pooled, as the response in Chl a and Chl b showed the same trend in all three species. In C. 9 hytivus and C. hystrix, the content of chlorophyll and carotenoids increased with leaf age, whereas 'BeijingJietou' maintained nearly the same level regardless of leaf age. From the first to the third leaf, the percentage of maximum chlorophyll and carotenoid content was significantly lower in C. 9 hytivus than in its parents (Figure 2) . The parents reached 90% of maximum chlorophyll and carotenoid content at the third leaf stage, whereas C. 9 hytivus reached the same level at the fifth leaf stage for chlorophyll and the fourth leaf stage for carotenoids (Figure 2 ).
Carbohydrate partition
During leaf development, C. hystrix and 'BeijingJietou' showed similar carbohydrate partitioning patterns, whereas C. 9 hytivus exhibited a significantly different carbohydrate partition compared with its parents (Figure 3) . From the first to the third leaf, the ratio of hexose/(sucrose + starch) decreased by 55% in C. hystrix and by 48% in 'BeijingJietou'. In contrast, the ratio of hexose/(sucrose + starch) increased by 6% from the first to the second leaf in C. 9 hytivus.
Chlorophyll biosynthesis genes
To identify chlorophyll biosynthesis genes in C. 9 hytivus and its parents, the amino acid sequences of chlorophyll biosynthesis genes from Arabidopsis thaliana were used to Blast against the genomic sequences of cucumber (http://cucumber.genomics.org.cn) and C. hystrix (draft genome). In total, 19 pairs of homologous genes were retrieved and found in both databases (Table S1 ). Quantitative reverse transcriptase-polymerase chain reaction (qRT-PCR) analysis showed that all 19 chlorophyll (c) Percentage of maximum total chlorophyll content and (d) percentage of maximum total carotenoid content of leaves of Cucumis hystrix (black squares), C. 9 hytivus (grey triangles) and 'BeijingJietou' (white circles) from the first leaves to the sixth leaves. Mean values AE SD, where n = 3 in (a), (c) and (d), and n = 6 in (b). Lines have been added to illustrate trends in the responses. Asterisks under the symbols indicate significant differences between C. 9 hytivus and its parents at P < 0.05.
biosynthesis genes were non-additively expressed in C. 9 hytivus (Figures 4 and S1). Three of the 19 genes, HEMA1, HEME2 and POR, showed significant differences in expression among the three species ( Figure 4 ). For HEMA1 and POR in C. 9 hytivus, the relative expression levels were significantly lower at all leaf ages in comparison to its parents. The relative expression level of HEME2 was lower in the young leaves of C. 9 hytivus compared with its parents, but the gene was expressed at a similar relative level in the mature leaves. In addition, HEMA1 was expressed at a higher relative level in the mature leaves in 'BeijingJietou' than in both C. 9 hytivus and C. hystrix. The three differentially expressed genes, HEMA1, HEME2 and POR, were cloned from cDNA from C. hystrix, C. 9 hytivus and 'BeijingJietou'. To exclude the possibility of PCR recombination and sequencing artefacts, we required each sequence to be detected at least twice. The coding sequences of HEMA1, HEME2 and POR of 'BeijingJietou' (GenBank accession MF033080, MF033085 and MF033089) were 1659 bp, 1179 bp and 1200 bp in length, respectively, and were 100% identical to the published cucumber genes (Table S1 ), confirming the successful cloning of the HEMA1, HEME2 and POR genes. The coding sequence of HEME2 from C. hystrix (GenBank accession MF033083) was also 1179 bp long, and there were six synonymous substitutions in comparison to 'BeijingJietou' ( Figure S2 ). In C. 9 hytivus, two homoeologous HEME2 genes were cloned (GenBank accession MF033084, MF033086), and those genes were identical to HEME2 from 'BeijingJietou' and C. hystrix, respectively. Like HEME2, two POR homoeologous genes were cloned in C. 9 hytivus (GenBank accession MF033088, MF033090), and those genes were identical to those of 'BeijingJietou' and C. hystrix (GenBank accession MF033087). The POR gene of C. hystrix had 12 synonymous substitutions and one nonsynonymous substitution in comparison to the sequence from 'BeijingJietou' ( Figure S3 ). The coding sequence of HEMA1 from C. hystrix (GenBank accession MF033078) had 21 synonymous substitutions and three non-synonymous substitutions in comparison to 'BeijingJietou' (Figure S4) . Likewise, C. 9 hytivus contained HEMA1 genes from both 'BeijingJietou' and C. hystrix (GenBank accession MF033079, MF033081). Additionally, one chimeric HEMA1 gene was identified in C. 9 hytivus (GenBank accession MF033082). The chimeric HEMA1 gene is composed of HEMA1 genes from 'BeijingJietou' and C. hystrix ( Figure S4 ).
Content of chlorophyll precursors
The content of chlorophyll precursors is expressed relative to 'BeijingJietou' (Figure 5 ). C. 9 hytivus had significantly higher contents of porphobilinogen (PBG) and Urogen III, and lower contents of Coprogen III, protoporphyrin IX (Proto IX), Mg-protoporphyrin IX (Mg-Proto IX) and Pchlide in the young leaves in comparison to both parents, except for PBG, for which there was no difference between C. 9 hytivus and C. hystrix. The levels of Proto IX, Mg-Proto IX and Pchlide were significantly lower in C. 9 hytivus than in 'BeijingJietou' in the mature leaves. However, the differences between the two species were smaller in the mature leaves, as C. 9 hytivus was within 72-74% of the level in 'BeijingJietou' in mature leaves, compared with only 41- Relative expression levels of HEMA1, HEME2 and POR in (a) young leaf and (b) mature leaf from Cucumis hystrix (black), C. 9 hytivus (grey) and 'BeijingJietou' (white). Mean values AE SD (n = 3). Small letters above the bars indicate significant differences among species within each gene (P < 0.05): 'a' indicates a significantly higher value than 'b' and 'c'; 'ab' indicates a significantly higher value than 'c'; 'b' indicates a significantly higher value than 'c'. 46% in the young leaves. Further, in the mature leaves, there were no species differences in the contents of PBG, Urogen III and Coprogen III. The level of precursor content in 'BeijingJietou' and C. hystrix only differed significantly for PBG and Coprogen III in the young leaves.
Chloroplast ultrastructure
The chloroplasts were located in the periphery of the cells (Figure 6 ). In both young and mature leaves of C. hystrix and 'BeijingJietou', chloroplasts contained thylakoid membranes consisting of clear and well-defined grana connected by stroma lamellae. In C. 9 hytivus, the chloroplasts were smaller, and the membranes were arranged irregularly, with less clear stacking of membranes into grana structures. The chloroplasts of the young leaves in C. 9 hytivus contained narrow grana stacks, and the thylakoid lamellar structures appeared visibly looser in comparison with those of its parents. The grana stacks in C. 9 hytivus were narrower in the mature leaves in comparison to its parents. No starch grains were visible in the chloroplasts of young leaves in C. hystrix, but the chloroplasts contained many plastoglobuli. The chloroplasts in C. 9 hytivus and 'BeijingJietou' contained starch grains and few plastoglobuli. In the mature leaves, larger plastoglobuli and several starch grains were observed in C. hystrix. The mature leaves of 'BeijingJietou' contained large starch grains and several plastoglobuli in the chloroplast. In C. 9 hytivus, the chloroplasts of mature leaves appeared to contain as many plastoglobuli as the chloroplasts in C. hystrix, but significantly more than 'BeijingJietou'. The chloroplasts were also more conspicuous than those of its parents and contained several starch grains.
DISCUSSION
Phenotype of delayed leaf maturity
Polyploidization is a prominent process in plants and is now widely recognized to involve multiple non-Mendelian processes, such as DNA loss (Ozkan et al., 2001; Gaeta et al., 2007; Tate et al., 2009) , chromosomal rearrangements (Pontes et al., 2005; Udall et al., 2005) , biased gene expression (Adams et al., 2003; Hegarty et al., 2006; Ha et al., 2009 ) and epigenetic re-patterning (Madlung et al., 2002; Liu and Wendel, 2003; Rapp and Wendel, 2005; Salmon et al., 2005; Chen, 2007) . All types of genetic changes may result in phenotypic variation in polyploids. Our recent studies have demonstrated that the synthesized allotetraploid C. 9 hytivus responds differently to low-light and high-light stress in comparison to its diploid parents, which was suggested to be primarily related to the difference in chlorophyll development (Yu et al., , 2016 . In the present study, we show that C. 9 hytivus is delayed in leaf maturation and impaired in chlorophyll accumulation in comparison to its parents.
The development of the photosynthetic apparatus is one of the key processes in leaf maturation. This process was clearly delayed in C. 9 hytivus in comparison to its parents, as indicated by slower accumulation of chlorophyll and carotenoids, and a slower increase in ambient photosynthetic rates (Figure 2 ). The delay in reaching maximum photosynthesis could be due to a slower accumulation of chlorophyll. Furthermore, during development and maturation, leaves also undergo a sink (young leaf) to source (mature leaf) transition, with concomitant changes in carbohydrate metabolism (Turgeon, 1989) . Sucrose is the principal product of photosynthesis in plants and the major carbohydrate transferred from source to sink organs through the phloem (Wang et al., 2010) . Subsequently, sucrose is hydrolysed into glucose and fructose (hexose), which is required for the development of sink organs (Sturm, 1999; Weschke et al., 2003) . The leaves of dicotyledonous plants typically begin to export carbohydrates (i.e. sink-source transition) when they are 30-60% fully expanded (Turgeon, 1989) , which corresponds to leaf position three in the parents, C. hystrix and 'BeijingJietou', and leaf position four for C. 9 hytivus (Figure 2) . Thereafter, starch synthesized during the day in mature leaves is not completely metabolized at night, resulting in starch accumulation. Thus, when the leaf matures, the ratio of hexose/ Figure 5 . Relative chlorophyll precursors content in (a) young leaves and (b) mature leaves of Cucumis hystrix (black), C. 9 hytivus (grey) and 'BeijingJietou' (white). The levels in 'BeijingJietou' are set to 1. Mean values AE SD (n = 3). Small letters above the bars indicate significant differences among species within each precursor (P < 0.05): 'a' indicates a significantly higher value than 'b' and 'c'; 'b' indicates a significantly higher value than 'c'.
(sucrose + starch) should decrease, as can be seen in the parents, C. hystrix and 'BeijingJietou', indicating the transition from sink to source tissues during leaf development (Figure 3) . In contrast, the ratio of hexose/(sucrose + starch) was also low in young leaves in C. 9 hytivus, which may be a contributing factor to the lower leaf expansion rates and delayed development of the photosynthetic apparatus. Thus, the young leaves of the hybrid appear not to function as a traditional sink source and thereby fail to obtain sufficient energy from mature leaves to drive the maturation process. In addition, the ratio of hexose/(sucrose + starch) declined later in C. 9 hytivus compared with its parents, indicating a delayed transition to a source function.
It is well known that the formation of thylakoid membranes takes place during leaf maturation, with a sequential appearance of photosystem I (PSI), followed by photosystem II (PSII) and the intersystem electron transport components, and then the assembly of light-harvesting complex II and the PSI light-harvesting complex (Baker, 1984) . Therefore, plants with delayed leaf maturation often show problems in thylakoid membrane development. It has been shown that blocked chlorophyll synthesis may lead to the development of abnormal thylakoid membrane systems . In addition, abnormal chloroplast membrane development may, in turn, result in a slow accumulation of chlorophyll in the seedlings, as chlorophyll biosynthesis takes place primarily in the chloroplast (i.e. a negative feedback process; Tanaka and Tanaka, 2006) . As an example, chlorophyll-deficient mutants in wheat had slower chloroplast development and reached a steadystate level of pigmentation later than the wild-type plants . The expression of HEMA1 is suggested to be a key component for chloroplast biogenesis (McCormac et al., 2001) . Therefore, the reduced chlorophyll Figure 6 . Ultrastructure of chloroplasts in leaves of three species at the seedling stage. (a) Cucumis hystrix (young leaf, 9 1000); (b) C. hystrix (young leaf, 9 3000); (c) C. hystrix (mature leaf, 9 700); (d) C. hystrix (mature leaf, 9 3000); (e) C. 9 hytivus (young leaf, 9 700); (f) C. 9 hytivus (young leaf, 9 3000); (g) C. 9 hytivus (mature leaf, 9 1000); (h) C. 9 hytivus (mature leaf, 9 2000); (i) 'BeijingJietou' (young leaf, 9 1000); (j) 'BeijingJietou' (young leaf, 9 4000); (k) 'BeijingJietou' (mature leaf, 9 700); (l) 'BeijingJietou' (mature leaf, 9 2000). Chlp, chloroplast; GL, grana lamella; SL, stroma lamella; P, plastoglobuli; S, starch. biosynthesis in C. 9 hytivus seedlings (suggested to be due to low expression levels of key genes) may exacerbate chlorophyll deficiency through the delayed formation of thylakoid membranes (observed in Figure 6 ), which may also result from the lower expression level of HEMA1.
Duplicate gene retention and detection of non-reciprocal homoeologous recombination (NRHR)
The fate of redundant genes generated by polyploidization is of particular interest to evolutionary biologists. Gene duplicates are frequently lost (Li et al., 1981) , but some duplicates are retained in the genome, and there seems to be a preferential retention/loss of certain types of genes (Freeling, 2009 ). Duplicate genes involved in development, stress responses, signalling and transcriptional regulation tend to be retained (Jiang et al., 2013; Moghe and Shiu, 2014b) . Our results demonstrated that the chlorophyll biosynthesis genes HEMA1, HEME2 and POR were consistently retained in the synthesized Cucumis allotetraploid. Retained duplicates may experience a period of functional redundancy, but may eventually obtain new functions and/ or partition ancestral functions, leading to subfunctionalization (Force et al., 1999; Adams et al., 2003) . However, although examples of duplicate retention are accumulating in the literature, it remains unclear why these duplicates are retained and what fraction of gene duplicates are fixed during adaptive evolution. Genes that are doubled in allopolyploids may evolve independently, or they may interact, mediated by some forms of gene homogenization. Salmon et al. (2010) detected non-reciprocal homoeologous exchanges by using diploid and allopolyploid cotton (Gossypium). Flagel et al. (2012) reported an updated account of NRHR by using a richer expressed sequence tags assembly and sequences from another allotetraploid cotton, according to the methods outlined in Salmon et al. (2010) . Our recent cytogenetic analyses identified homoeologous pairing in C. 9 hytivus by using genomic in situ hybridization, and we found that meiosis pachytene chromosomes of C. 9 hytivus exhibited unpaired chromosome strings, suggesting that structural heterozygotes were caused by homoeologous recombination (Wang et al., 2017) . In the present study, the chimeric copy of HEMA1 that was detected in C. 9 hytivus validated the existence of non-synonymous recombinants during allopolyploidization in Cucumis. Continuing genome-wide sequencing of mRNA and the genome of C. 9 hytivus will result in the large-scale detection of NRHR and improve our ability to relate its significance to genome evolution and adaptation.
Repressed chlorophyll biosynthesis linked to the phenotype of chlorophyll deficiency
A duplication event and subsequent gene retention can result in genes that are either additively expressed, neutral, or maternal or paternal biased. The latter types of expression are included in the term non-additive expression (Zhang et al., 2015) . The non-additive gene expression pattern of polyploids has been the focus of previous studies and has been well summarized (Yoo et al., 2014) . Chlorophylls are the target of many endogenous and exogenous changes (Eckhardt et al., 2004) . A comparative analysis of the expression levels of the genes involved in chlorophyll biosynthesis in C. 9 hytivus and its diploid parents showed that all 19 genes are non-additively expressed and can be categorized into two non-additive groups. The first group concerns the expression levels of HEMA1, HEME2 and POR, which were significantly lower in C. 9 hytivus than in both parents, suggesting repressed expression. Although gene repression has been reported in various allopolyploid systems, the mechanisms that underlie preferential gene repression are yet to be determined (Hegarty et al., 2006; Wang et al., 2006; Pumphrey et al., 2009) . Several studies have demonstrated that chromatin modifications, transcription factors, such as Myb, RNA interference, and/or small RNA-mediated regulation may contribute to gene repression or activation (Barbash et al., 2003; Wang et al., 2006; Ha et al., 2009; Pumphrey et al., 2009) . The second group contains the remaining 16 genes, which showed similar expression levels in C. 9 hytivus and its parents. This finding can be explained by genomic expression dominance (Rapp et al., 2009) , genomic dominance , partitioning of ancestral functions (subfunctionalization) (Force et al., 1999) , or even the loss of function of one of the homoeologues (pseudogenization; Li et al., 1981) . However, due to the high sequence similarity of the homoeologous genes pairs in C. 9 hytivus, we cannot differentiate the expression levels of homoeologous genes from each subgenome. The primers used here were designed according to the conserved sequence; therefore, the obtained expression levels of all 19 genes in C. 9 hytivus represent the sum of the expression levels of both homoeologous genes pairs. Further analyses with the acquisition of transcriptomic and genomic data from C. 9 hytivus will be capable of shedding light on the mechanism that underlies the non-additive expression of the genes involved in chlorophyll biosynthesis. Nevertheless, in accordance with reported data from Camelina sativa (Kagale et al., 2014) , our results suggest that most of the duplicated genes (16 of 19) show no significant differences in expression levels, which could impact the manipulation of the plant phenotype.
The repressed expression of HEMA1 in C. 9 hytivus suggested that chlorophyll biosynthesis was partially blocked at the transcript level (step 1 in Figure 1 ) due to allopolyploidization. In addition, heme can be an allosteric inhibitor for GluTR, because the synthesis of heme shares the first part of the pathway with chlorophyll biosynthesis (Eckhardt et al., 2004) . If heme was inhibiting GluTR, the level of PBG would be low. Because the relative level of PBG, which is the chlorophyll precursor in the next step of the biosynthesis pathway, in the young leaves of C. 9 hytivus was similar to that of C. hystrix, the lower expression of HEMA1 in C. 9 hytivus was not the result of inhibition by heme in our case (Figures 4 and 5) . More likely, a key parameter for explaining the observed chlorophyll deficiency may be found in the expression level of HEME2. The relative expression level of HEME2 was significantly lower in the young leaves of C. 9 hytivus than in both parents, but similar to the level of the parents in mature leaves. To support this finding, the low level of HEME2 expression appeared to result in reduced UROD activity (step 6 in Figure 1) , as the upstream precursors (PBG and Urogen III) accumulated in the young leaves, and the downstream precursors (Coprogen III, Proto IX, Mg-Proto IX and Pchilde) were reduced. The relative levels of all precursors and the expression of HEME2 approached the level of the parental species in the mature leaves of C. 9 hytivus, which corresponds well with the change from a yellow-green to green leaf colour when young leaves mature in the allotetraploid. In addition, the repressed expression of POR in the chlorophyll biosynthesis may further contribute to the observed chlorophyll deficiency (step 13 in Figure 1) . Zhuang et al. (2009) studied POR in the early generations of C. 9 hytivus and assumed that changes in the expression of the POR gene caused by allopolyploidization may be one reason for yellow-green leaves in C. 9 hytivus. Contrary to our results, in Arabidopsis allotetraploids with higher chlorophyll content than diploids, PORA and PORB were found to be upregulated (Wang et al., 2006; Ni et al., 2009) . Although the expression levels of genes encoding enzymes are considered individually and controlled independently, chlorophyll synthesis is controlled by the coordinated expression of all genes involved (Terry and Kendrick, 1999; Tanaka and Tanaka, 2006) . Our results suggest that it is not a single blocked site of chlorophyll biosynthesis but the combined effects of repressed expression of HEMA1, HEME2 and POR resulting from allopolyploidy that contributed to the reduced chlorophyll level in the young leaves of C. 9 hytivus. This conclusion is supported by earlier findings that also link the expression of POR to other genes in chlorophyll biosynthesis. In the rice chlorophyll-deficient mutant ygl1, the expressions of HEMA1, CAO1 and PORA were consistently reduced (Wu et al., 2007) . Furthermore, POR has been found to be in concert with the expression of HEMA and CHLH genes in cucumber . However, here we found no differences in CHLH expression among the three species.
From our experiments, we cannot draw conclusions regarding the reasons behind the lower expression levels, but we documented that allopolyploidization led to decreased expression levels of HEMA1, HEME2 and POR via transcription factors, microRNAs or other regulation mechanisms, as observed in Triticum aestivum L (Pumphrey et al., 2009), which further contributes to the phenotype of chlorophyll deficiency. We systematically analysed chlorophyll biosynthesis as an example of the effects of allopolyploidy on phenotypes and the underlying genes, which serves as a foundation for further research on allopolyploids.
EXPERIMENTAL PROCEDURES Plant materials and growth conditions
Three species of Cucumis were used: the self-cross plants (S 10 ) of a synthesized new species, Cucumis 9 hytivus J.F. Chen & J.H. Kirkbr., and its diploid parents, the wild species C. hystrix Chakr. and the cultivated cucumber C. sativus 'BeijingJietou'.
Twenty seeds of each species were sown in plastic pots (11 cm diameter, 0.5 L), filled with a peat-based potting mix (Pindstrup 2, Pindstrup Mosebrug A/S, Ryomgaard, Denmark) and grown randomly in a greenhouse with the following set points: 25/20°C day/ night, ambient CO 2 , relative humidity 60-70% and a 14-h photoperiod with a combination of natural and supplemental light (SON-T 400W, Philips, Eindhoven, The Netherlands, red/far-red ratio: 1.2; Shibuya et al., 2012) . The pots were irrigated and fertilized regularly with a nutrient solution with an N:P:K ratio of 160:35:190 (pH 5.8, electric conductivity 1.8).
Gas-exchange parameters
In the second subset, gas-exchange measurements were conducted using an IRGA (CIRAS-2; PP-systems, Amesbury, MA, USA) equipped with a leaf cuvette of 2.5 cm 2 (leaf area) with LED light source 28-29 days after sowing. The gas-exchange measurements were performed between 09:00 hours and 12:00 hours to ensure a fully active plant. From each species, six replicate plants were used and, on each plant, six leaves, from the 1st to 6th leaf position, counted from the top, were measured at 300 lmol m À2 sec À1 PPFD.
Plant growth
A third subset of plants was harvested 30 days after sowing. The leaf number was counted per plant both on the main stem and on branches (n = 3). The leaf area was measured by using a LI-3100C area meter (LI-COR, Lincoln, NE, USA). The total leaf area of the whole plant was determined in addition to the leaf area of single leaves at different leaf positions, from the 1st (the top youngest leaf) to the 6th leaf, counted from the top (the same hereafter). Soil was washed from the roots, and the separate fractions of the plants were dried in an oven at 80°C for 24 h for dry weight determination. The biomass allocation of each species was evaluated by calculating the leaf mass fraction, stem mass fraction and root mass fraction, according to Poorter et al. (2012) .
including chlorophyll a, chlorophyll b and total carotenoids (xanthophylls and carotenes).
Estimation of chlorophyll biosynthesis intermediates
In the fourth subset of plants (n = 3), the chlorophyll precursors PBG, Urogen III, Coprogen III, Proto IX, Mg-Proto IX and Pchilde were estimated spectrophotometrically according to Sun et al. (2010) , with minor modification. The leaf samples were homogenized with Tris-HCl buffer (pH 8.0) containing 100 mM Tris and 50 mM mercaptoethanol, and the homogenates were centrifuged at 8000 g for 15 min at 4°C. Specifically, 2 mL of supernatants or standard were mixed with 2 mL of freshly prepared Ehrlich's reagent and, after 30 min, the mixture was used to determine the A555 for the determination of PBG. Fresh leaves were ice-homogenized using Tris-HCl (pH 6.8), while a 0.3 mL Na 2 S 2 O 3 solution (1%) was added to the 5 mL homogenates. After 15 min of illumination, the pH was controlled to 3.5 using an ethanoic acid solvent (1 mol L
À1
) and extracted with ether three times. The Urogen III content in the supernatants was determined by measuring the absorbance at 405.5 nm. Meanwhile, the supernatants were further extracted three times with HCl (0.1 mol L À1 ), and the Coprogen III content was determined at an absorbance at 399.5 nm. Proto IX, Mg-Proto IX and Pchilde were estimated by using a mixture of acetone:ammonia (1%) (4:1), and the extracts were followed by measuring the absorbance at 575 nm, 590 nm and 628 nm. To facilitate comparison, the chlorophyll precursor content of 'BeijingJietou' was set to 1, and the relative contents of C. 9 hytivus and C. hystrix were divided by that of 'BeijingJietou'.
Carbohydrate content
In the fourth subset, the carbohydrate content of leaves from the 1st to 6th leaf position was determined for three plants from each species 30 days after sowing, according to Zhou et al. (2015) . The samples were dried, weighed and ground in a mixer mill (MM200, Retsch, Haan, Germany) with a steel ball. The soluble sugars were extracted three times with 80% ethanol and one time with 50% ethanol containing 20% HEPES. The supernatant containing the soluble sugars was analysed via ion chromatography using a pulsed amperometric detector with a gold electrode (Dionex, ICS 3000, Sunnywale, Canada), using 200 mM NaOH as the eluent. Then, ddH 2 O was added to tubes containing the pellet, autoclaved for 90 min and mixed with an enzyme buffer solution. The samples were centrifuged, filtered after 16 h of shaking and measured for starch in a manner similar to that used for soluble sugars.
Chloroplast ultrastructure
The chloroplast ultrastructure in the mesophyll cells of both young and mature leaves was observed in C. 9 hytivus and its parents. Small pieces of leaf blades (2-3 mm 2 ) were cut and fixed with 2.5% glutaraldehyde at 4°C for 8 h for chloroplast ultrastructure analysis. The samples were washed with potassium phosphate buffer (pH 7.2), fixed with 1% osmic acid and gradually dehydrated with a series of ethanol propyl alcohol. Afterwards, the samples were infiltrated and embedded with Epon-812 cyclic oxygen colophony for 2 h, sliced with an ultrathin slicer (LKB Nova, Bromma, Sweden), dual-coloured with acetate uraniumcitrate lead, and finally observed and photographed under a transmission electron microscope (H-7650, Hitachi LTD, Tokyo, Japan).
Gene cloning and qRT-PCR analysis
After 30 days of growth, the youngest and the first fully developed leaves of each species were sampled from the fifth subset of plants. Total RNA was isolated from the samples using Trizol (Invitrogen, Carlsbad, USA) and digested with DNase I (Fermentas, Loughborough, UK) for 30 min at 25°C to remove DNA. The cDNA was synthesized from 2 lg of total RNA using a cDNA Synthesis Kit (Fermentas, York, UK). Primer pairs were designed to amplify the full-length cDNA sequences of the HEMA1, HEME2 and POR genes using the aforementioned cDNAs as templates (Table S1 ). The PCR products were cloned into the pGEM-T vector (Promega, Madison, WI, USA), and the resulting clones were sequenced (Invitrogen). The sequence data were submitted to GenBank (accession number: MF033078-MF033090). The expression profiles of 19 chlorophyll biosynthesis-related genes (Table S1 ) were evaluated via qRT-PCR, as described by Li et al. (2012) , using the SYBR Premix Ex Taq TM Kit (Takara, Shiga, Japan; Bio-Rad, USA). The Ct values of each gene were determined and normalized to the Ct value of b-actin. To determine the relative expression fold differences for each gene in the three species, the formula 2 ÀMM Ct was used with the values of 'BeijingJietou' as a control. Prior to the qRT-PCR analysis, the primers were checked for single targets on extracted cDNA from each of the three species by evaluating the amplified PCR products via 8% polyacrylamide gel electrophoresis. Only the primers that produced PCR products with single and clear target bands were used for the qRT-PCR. The sequences of the primers are listed in Table S1 . Differentially expressed chlorophyll biosynthesis genes were retrieved from the Cucurbit Genomics Database (http://cucum ber.genomics.org.cn/page/cucumber/index.jsp).
Statistical analyses
A Pearson correlation analysis between destructive and nondestructive chlorophyll content was performed using SPSS 16.0 (SPSS, Chicago, IL, USA). One-way and two-way analyses of variance (ANOVA) were performed to reveal the differences between species and leaf developmental stages. The analyses were performed using the software R (i3862.15.0, www.r-project.org/). Mean separations were determined using the Duncan multiple range test with P < 0.05. ments. The first author's visiting project was granted by a Danish Government Scholarship and the China Scholarship Council.
CONFLICTS OF INTEREST
The authors have declared that no conflicts of interest exist.
SUPPORTING INFORMATION
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